In the entertainment industry's quest for the "suspension of disbelief," two primary sensory stimuli have been engaged: sight and sound. Since the advent of digital audio, a number of new multitrack digital sound formats have appeared in the motion picture industry, all in an attempt to achieve the ultimate audio experience. However, visual presentation has not advanced at the same pace as the aural experience. Many problems associated with conventional motion picture presentation and distribution can be overcome through a digital form of delivery. The missing link, however, has been an electronic display system that delivers cinema-quality images. Certainly the ultimate achievement in electronic projected image quality would be to match or exceed that of motion picture film. Texas Instruments is studying the possible application of DLP TM technology to electronic cinema. This effort has involved a close working relationship with the motion picture industry to assess DLP performance from technical and artistic perspectives. Knowledge gained from this process has led to improvements in DLP technology that may someday lead to a DLP-based cinema application. This paper addresses some of the advances in image quality made in the quest to achieve the ultimate cinematic experience.
Introduction
The "Holy Grail" of the high-end electronic projector manufacturer has been to become as good or better than 35 mm film projectionto replace the motion picture film projector. The motion picture industry has embraced the digital age in the production of movies, yet motion picture distribution and presentation use technology that remains virtually unchanged from that of the early 1900s. As far as the image is concerned, the inherently analog process of depositing dyes on a film base remains the technology of choice. Recently, there has been a dramatic evolutionary change in motion picture sound reproduction from the early monaural optical tracks to the more recent multitrack digital formats, such as Dolby TM Digital, DTS TM and SDDS TM . But why has the visual experience not experienced this same degree of evolutionary change?
Clearly, enabling technology exists today to distribute motion picture material digitally, whether via satellite, telephone company, or a physical medium such as optical disc. The missing link has been an electronic projector capable of reproducing the high-quality images demanded by movie-goers. Electronic projection's rather slow start can be attributed to economic, as well as technological factors. Past attempts at high-brightness projection used expensive and often difficult-to-maintain solutions. These include oil-film light valves, optically addressed liquidcrystal light valves, and high-power laser projection. Image quality aside, the maintenance and implementation costs for these technologies will probably prohibit wholesale adoption for general cinema exhibition anytime soon.
In 2Q97, Texas Instruments Digital Light Processing TM (DLP TM ) business began a technology investigation into electronic cinema projection using DLP technology. Based on the digital nature of our technology, the study involved an all-digital implementation for electronic cinema or in this case, DLP Cinema. The purpose of this effort was twofold: first, identify the customers and their key care-abouts; second, determine relative positioning of DLP technology compared to film projection picture quality and other electronic projection technologies.
Background
In 1995, work began on a high-resolution demonstration projector based on a 1280 × 1024 mirror array the Digital Micromirror Device (DMD TM ), also known as DMD1210. This projector, called the 1210 Technology Demonstration Projector, was intended to demonstrate the high-resolution capabilities of the DMD1210 by displaying 24-bit/pixel, SXGA graphics through a unique PC graphics board designed with a custom digital interface. The system was based on a three-chip DLP configuration ( Figure 1) and was illuminated by a 1 kW xenon lamp. A 3.5:1 fixed focal length projection lens was designed, along with the electronics necessary to process and display a 2.6 Gbps data stream from the SXGA graphics driver (Figure 2 ). This system gave superior performance in what was perhaps the first real-time end-to-end all-digital display, where the human eye serves as the final digitalto-analog converter. 
The DLP Cinema Technology Demonstration Projector
The success of the 1210 Technology Demonstration Projector helped fuel the desire to push the performance envelope and explore new venues. To help understand and define DLP technology's potential, work began on a DLP Cinema Technology Demonstration Projector. The goal was rapid upgrade of our existing 1210 Technology Demonstration Projector to produce high-quality, high-brightness digital images for evaluation in cinema applications. The design and evaluation of this projector would foster a close working relationship with technical and creative members of the motion picture industry. The result was an improved understanding of overall system performance requirements. q Implementation of a reverse 3:2 pull-down process to produce the original 24 fps motion picture images from 60 field/second input data q Development of techniques for displaying 24 fps images by the DMD.
Because of long lead times for optical fabrication, the team used the existing prism assembly and projection lens for the new demonstration projector. There was time to redesign the illumination optics and to obtain lamps and reflectors to increase the projector brightness and an anamorphic projection lens attachment. Anamorphic projection techniques are not new to the motion picture industry, as many films are released in CinemaScope, a film format using a 2:1 anamorphic projection lens. The illumination system was designed to increase contrast and image uniformity. Cinema-type xenon lamps were also integrated into the optical system to achieve the desired brightness.
To more closely emulate the film-look in the projected image, a unique capability of the DMD was used to display the images at the standard motion picture industry rate of 24 fps. Since DLP displays are a continuous display technology, flicker-free display rates down to 24 fps are possible without the need for temporal up-sampling. Furthermore, the sub-20 µs switching speed of the mirrors makes possible displays that are free from image lag. Another advantage of DLP technology is that the image is not shuttered to blank the display as the next frame is pulled down into the film gate, as in a conventional film projector. This advantage can yield greater projector efficiency and reduce artifacts at high brightness levels.
Commonly available high-definition recording and playback equipment operates at a 60 field/second rate. A process known as 3:2 pull-down is employed to increase the temporal resolution from the 24 fps film rate to the 60 field/second video rate during the film-to-video conversion ( Figure 6 ). To obtain and display the original 24 fps data, a technique was developed to reverse the 3:2 pull-down processed data. This produced a more film-like experience, eliminating artifacts associated with 3:2 pull-down processed displays. This Technology Demonstration Projector was used from September 1997 through 2Q98, conducting performance evaluations with key members of the motion picture industry. We worked closely with some of the major movie studios, exhibitors, cinematographers, directors, and technology suppliers, all of whom shared a great deal of insight and a diverse perspective on our technology. From this, we added to our knowledge of the technical aspects of projection system requirements, in addition to the artistic aspects of the display system. These results led to the next phase of development.
The DLP Cinema Prototype System
As a result of the experience and knowledge gained on the DLP Cinema Technology Demonstration Projector, work began in 4Q97 on a DLP Cinema Prototype System, a system-level approach to an all-digital "cinema of tomorrow."
The prototype system will include the following key aspects: À Post-production authoring of the digital media The above process will emphasize preservation of artistic as well as technical content. This process allows the audience to be immersed in the experience without the distractions caused by disturbing or unnatural artifacts in the image or sound. At the same time, it enhances the creative artist's freedom of expression. These ingredients are essential in maintaining the suspension of disbelief and, ultimately, the success of any electronic cinema solution.
Our approach to the all-digital system based on DLP technology is to use as much of the existing infrastructure and technology as practical, further leveraging the existing investments made by Texas Instruments. Development work on the DLP Cinema Technology Demonstration Projector indicates that existing film projector lamp housings could be used with a DLP-based projector head, provided minor modifications are made to the lamp reflector. In this case, an exhibitor could do the same when upgrading to a DLP-based cinema projector. The DLP Cinema projection head could attach to a lamp housing in the same manner that a film projector does, as illustrated in Figure 7 . To further reduce financial and remodeling impact on theater installations, the DLP projector will not deviate from the optical axis currently used by film projectors, thus allowing the continued use of existing and often quite small projection windows. This minimizes or avoids modifications to existing theater projection booths.
Figure 7. DLP Cinema Prototype System projection head, interface electronics and lamp housing
To date, we have completed design and construction of the DLP Cinema Prototype System projection head, interface, and display electronics. The projection head design employs many optical technology breakthroughs not available in the previous projector. These improvements increase the power-handling capability, contrast, and brightness of the projector several-fold. The system contrast ratio has been increased 300%, while the overall efficiency of the DLP Cinema projector has exceeded that of 35 mm film, as shown in Figure 8 . Current DLP operation using a 5 kW lamp projects 14 ftL onto a typical 50-foot screen in flat format. Assuming a film transmissivity of 87%, the SMPTE 196M specified 16 ftL equates to approximately 14 ftL from a film projector running with clear (D-min) film.
New projection lenses for the two common North American film formats were designed. Currently, motion picture equipment projects the two common formats (flat and CinemaScope, or scope) using different projection lenses. The flat format has a 1.85:1 aspect ratio and is projected with a conventional spherical lens, while the CinemaScope format has a 2.39:1 aspect ratio and uses an anamorphic or cylindrical projection lens with a 2× horizontal expansion. For efficient reproduction of these two formats with a projector based on the 1280 × 1024 DMD and an aspect ratio of 1.25:1, two anamorphic expansion ratios are needed: 1.5× for the flat format, and 1.9× for the scope format. It should be noted that the actual size of the 1280 × 1024 DMD is within 1 mm of the projectable image size of a scope film print ( Figure 9 ).
The projector's color processing capabilities were improved in several ways. We increased the nonlinear bit resolution from 8 to 10 bits/component and the linear space bit resolution from 10 to 14 bits/component. A multitap FIR filter was employed to up-convert the subsampled chrominance data from 4:2:2 to 4:4:4. The 3 × 3 matrix multiplier used for color-space conversion from component YCrCb to RGB was increased from 8 to 12 bits/component, and a second 3 × 3 matrix multiplier with 14-bit/component capability was added to provide linear space color correction control. We also added more processing electronics to allow for a future image optimization capability. A fiber-optic data link was used to transport high-bandwidth data between the playback and interface electronics and the projection head. This facilitates remote location of the projector as well as optical isolation of the projection head from playback electronics. 
Summary
In the past 18 months, we have acquired much knowledge regarding possible future applications of DLP technology. The performance of the DLP Cinema Technology Demonstration Projector exceeded the expectations of many. The follow-on DLP Cinema Prototype System has pushed the performance to an even higher level. System contrast increased to better than 800:1 and light output to date has been boosted to over 13,000 lumens. Anamorphic projection at both 1.5:1 and 1.9:1 has proven successful as well. The use of standard, high-power, off-the-shelf xenon lamps has opened the door to cost-effective projector retrofitting. Clearly, these breakthroughs are essential for DLP technology to succeed in a cinema application. However, one cannot overlook the possibility that leadingedge developments resulting from this work will probably find applications in existing and yet-to-be-developed DLP product lines.
The future of motion picture film distribution is unclear. However, it is clear that the advantages in terms of cost savings to the studios for duplication and distribution of material, not to mention the security aspects through data encryption, strongly favor a digital rather than film-based scenario. Arguably, advantages in terms of image quality also favor a digital form of delivery, overcoming the multitude of problems associated with typical release prints: With a DLP-based display system, a highly stable, highly repeatable presentation can be delivered with no image lag or degradation over time, temperature, or brightness level. Every theater can produce the exact same answer print quality presentation as the artist intended, without the variations often found in film release prints. Furthermore, the image can be displayed at the original 24 fps rate without the need for double shuttering or temporal data upsampling to avoid display flicker. A DLP-based digital cinema display system can open the door to new opportunities for the exhibitor, as well. Live performances and events can be presented, as well as new forms of between-show advertising.
The new knowledge we gain from the DLP Cinema Prototype System will lend further insight into the market and requirements for a product solution. The response to DLP technology in this application has been very favorable. However, much work still lies ahead in the areas of data compression, encryption, storage, and media delivery.
Further blind test studies are also needed. Until now, no electronic projection technology could offer the visual clarity necessary to compete with film while also providing stability and repeatability.
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